 Nano-hardness increased in ODLs formed at a temperature of 850°C for 3 and 6 hours.
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Introduction
Titanium-based alloys have various applications in the medical industries especially as implants. This is due to their low density, excellent corrosion resistance and their good biocompatibility [1] [2] [3] . In medical applications, the poor tribological properties of titanium are a drawback, where the passive film can be destroyed by mechanical loading [4] . This releases different detrimental ions into the human body [5] . Wear may affect corrosion as follows: a) passive film removal by tribological action [6] , b) work hardening and higher surface energy production [7] , (c) roughness increase which results in a greater surface area exposed to the corrosive medium and an increase in pit stability [8] . To study the change in corrosion behaviour during tribocorrosion, there are five different electrochemical techniques: (1) OCP measurement, (2,3) potentiodynamic/potentiostatic tests, (4) electrochemical impedance spectroscopy (EIS) and (5) electrochemical noise determination (ECN) [9] . Among them, the potentiodynamic polarization test is the most effective way to quantify the corrosion rate, which may be enhanced by wear.
A wide variety of investigations have been performed to improve wear resistance of titanium and its alloys. As an easy and atmospheric friendly technique, the thermal oxidation process could be used to improve the tribological behaviour of titanium alloys [10] . Titanium has a high affinity to oxygen to bond and to share their valance electrons in order to decrease its energy and become more stable. At a high temperature, the kinetics of oxidation generally increase and the formation of oxide layer may largely improve nano-hardness, nano-scratch and the fretting wear resistance of titanium alloys [11] . The oxidation parameters need to be appropriately selected in order to form a sound oxide layer strongly adhered to substrate [12] . The oxidation of Ti-6Al-4V has promoted the tribocorrosion resistance, 25 times greater than the untreated sample in a wear test conducted in a 0.9% NaCl solution. The titanium oxide layer also causes low coefficient of friction during tribocorrosion than untreated titanium by changing the wear mechanism [13] . However, titanium oxide can bear extremely low applied forces in a tribological situation due to its fragile nature [14, 15] .
During the oxidation, oxygen can dissolve in titanium up to 34 at%, according to the Ti-O phase diagram [16] . Therefore, high temperature processing of titanium in atmospheric conditions results in an oxygen diffusion layer (ODL) covered by titanium oxide [17, 18] . In Ti-O solid solution, oxygen atoms are placed in the octahedral positions and diffused by the passway of hexahedral and nonbasal crowdion positions [19] . The oxygen diffusion layer is considered to have better wear resistance than titanium oxide at high loads and larger sliding distances [18] .
A Boost Diffusion Oxidation (BDO) technique has been developed by Dong et al. [20] and improved by Zhang et al. [21] , in which they hardened titanium surface by two steps (I) thermal oxidation and (II) heat treatment in high vacuum. They found that ODL could effectively improve the dry wear resistance of titanium up to four times [22, 23] . The tribological behaviour of the oxygen hardened layer on Ti-6Al-4V in ZDDP lubricated conditions was assessed in another investigation [24] . The results showed that a tribofilm could be formed on the surface which avoided the substrate having direct contact with its counterpart.
To best of our knowledge, tribo-electrochemical assessment of oxygen diffusion layer on Ti-6Al-4V has not been presented in the literature, only a few studies have been reported on the tribological behaviour of ODL formed on Ti-6Al-4V alloy [15, 23] . In this study, the oxygen diffusion layer was produced by thermal oxidation at the temperature of 850 °C for three and six hours and their corrosion behaviour in stagnant and tribocorrosion conditions were investigated in a phosphate buffered saline solution.
Experimental Procedure
Ti-6Al-4V samples as disks were provided with 32 mm in diameter. The chemical composition of the Ti-6Al-4V material was obtained by Optical Emission Spectroscopy (OES) and is listed in Table 1 . The samples were polished to a roughness average (Ra) of 0.14±0.03 m. The specimens were placed in an atmospheric furnace at a temperature of 850 °C, just below to phase transformation temperature of the material, for three and six hours. The specimens were then air quenched at room temperature to easily remove the loosely adhered oxide layer from the substrate to reveal the oxygen diffusion layers (i.e., 3hr-ODL and 6hr-ODL). Figure 1 shows the fragmentation of oxide layer during quenching step, which was detached from the substrate. Some small scale oxide fragments remained on the surface, which were further removed by a light polishing.
The microstructure of the cross sections of ODL samples was studied using Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS). Changes in hardness of the ODL samples were also measured by a nano-hardness tester, at an applied load of 10 mN and loading/unloading rate of 0.2 mN/s. In addition, the elastic modulus (E) of the ODL samples were also measured from the load vs. penetration depth curves.
The corrosion tests of treated (i.e., ODL) and Ti-6Al-4V specimens were conducted in a Phosphate Buffered Saline (PBS) solution in a stagnant condition and during tribocorrosion at room temperature. PBS was prepared in accordance with ASTM F2129 [25] , with a composition of 8. The distance between the reference, the counting and the working electrodes (i.e., sample) was about 2 cm during both stagnant and tribocorrosion tests. To obtain the corrosion current density (icorr), the corrosion current (i.e., Icorr) was divided by the area of the wear track. The apparent area of wear tracks was calculated using the width of wear track measured by a stylus profilometer multiplied by its average perimeter. The area outside of the wear track was assumed to be a reference; due to insignificant values of the passive current (i.e., outside of wear track), compared with that for the wear area. The area of the wear tracks was also used to normalize the impedance data (i.e., Z, Z' and Z'') obtained from the EIS experiments. with an untransformed -Ti precipitated in -Ti grain boundaries [1, 26, 27] . Oxygen is an alpha stabilizing element with a solubility limit of 34 at% and 0.8-3.4 at% in -Ti and -Ti, respectively [16] . Therefore, with a high amount of oxygen near surface (Fig. 4 ) during heat treatment, -Ti could be promptly saturated by oxygen and the transformation of oxygen-saturated -Ti to an unsaturated -Ti also called alpha casing [28] subsequently occurred in zone I. Figure 3 also shows that the thermal oxidation treatment caused a growth of alpha phase in a deeper area, i.e., zone II, as a result of to transformation. The amount of this transformation was less (i.e., more -Ti) due to lower oxygen diffusion in zone II. However, as the diffusion time increased from 3 to 6 hours, zone I extended deeper followed by zone II. The formation of alpha-case (zone I) and oxygen-rich layer in ( + )-Ti (zone II) by thermal oxidation were also reported by Satko [28] .
Results and Discussion

Microstructure of ODLs
EDS point analysis of the dissolved oxygen at various depths of the cross sections in both ODL samples is shown in Fig. 4 . There were two oxygen gradient regions; i) maximum oxygen content at the near surface region was sharply dropped to the depth corresponding to the stabilized alpha region (zone I), and ii) a lower oxygen variation was observed in the deeper regions (zone II). This was due to the presence of beta phase with a higher oxygen diffusion coefficient [26] in zone II which led to a higher oxygen diffusion rate and the lower oxygen gradient.
Nano-Mechanical Properties of the ODLs
The nano-indentation tests were performed on Ti6Al4V and the ODL samples. The nano-hardness values were calculated from the variation of indentation load as a function of penetration depth for the samples [29] . The nano-hardness profiles of the cross section of ODL samples are shown in was measured for 3hr-ODL and 6hr-ODL at the near surface regions, respectively, as compared with a value of 5.4±0.34 GPa (550±35 Hv) obtained for Ti-6Al-4V before oxygen heat treatment.
Oxygen as a solute element produces a solid solution with titanium. Oxygen with a small atomic radius could be placed at interstitial sites (octahedral sites) of hcp structure of titanium leading to a large distortion of crystal structure [30] . The distorted structure under stress, i.e., in measurement of the indentation hardness, could hinder plastic flow [19] and, therefore, increase the hardness.
Comparing Figs. 4 and 5 reveals that the change in hardness was directly related to oxygen content where a higher oxygen content resulted in a higher hardness. The extracted data at any depth from the surface could approximate the following empirical equation showing the change of the nanohardness with the dissolved oxygen in Ti-6Al-4V alloy.
H (GPa)=0.71× O (at%)+ k Equation (1) Where H is the nano-hardness, O is oxygen content in atomic percent and k is the time dependent parameter, which was 5.5 and 8.5 for 3hr-ODL and 6hr-ODL, respectively.
Corrosion in stagnant condition
The potentiodynamic polarization tests were conducted in PBS in a stagnant condition and the resultant curves are presented in The very limited values of corrosion current densities, icorr, (less than 150 nA/cm 2 ) for the samples also revealed the presence of a passive film on the samples [31] . This was also confirmed by the existence of a passive area in the anodic branches. However, the polarization curves illustrated the passive areas with different features in the three samples. In Ti-6Al-4V, the passive current density value (ip) was found to be constant in the anodic potential range between +300 mV and +1480 mV vs. Ag/AgCl. The ODLs showed about 60% lower values of passive current density than Ti-6Al-4V, which might be due to the formation of a more protective layer [32] . Figure 6 shows that as the heat treatment time was increased from three to six hours, there was a more pronounced change in the slope of the passive area of the anodic branch at the potentials lower than +1500 mV vs. Ag/AgCl. This was due to the presence of a higher amount of metastable titanium oxides (TiXOY) on the surface of 6hr-ODL, which were oxidized to form TiO2 at different potential steps [33] . Beside producing titanium (IV) ion, titanium could be presented with lower valances according to reaction (1) [34] . Therefore, titanium oxides other than TiO2 could be formed during the heat treatment just beneath TiO2 layer according to reaction (2) . These oxides could remain on the ODL surfaces after the air quenching and removal of TiO2 layer due to a strong adhesion between the oxides and the substrates [34] . During polarization, when the required driving force was obtained by the higher anodic potentials, these oxides could react with water to form TiO2 in accordance with reaction (3). This resulted in a slight increase in anodic current densities over the applied potential range as happened more pronouncedly in 6hr-ODL.
A TiXOY + B H2O C TiO2 + 2B H + + 2B Reaction (3)
At potentials higher than +1500 mV vs. Ag/AgCl, there was an increase in anodic current densities for the three samples. It is suggested that the increase in current densities at the higher potentials is not the indication of transpassive phenomena (i.e., the destruction of the passive film by oxygen evolution) in titanium based alloys [35, 36] . This was due to the formation of a new passive layer made of phosphorous containing titanium complex [31] in the stagnant PBS solution. show broad peaks over a large range of frequency. This could be attributed to cumulative capacitive effect of more than one time constant which was resulted from the formation of a passive film [35] .
The passive film formed on titanium in aqueous solution is often mentioned as a TiO2 [38] , however, other investigations have further mentioned the formation of a two-layer film on
Ti-6Al-4V in PBS corrosive medium [39] . This concept was used to fit and simulate the EIS data for the samples with a relevant equivalent circuit. The simulated equivalent circuit for Ti-6Al-4V
and the ODL samples was appropriately fitted in the Bode spectra, as shown in Fig. 7 .
The electrochemical parameters obtained from the simulations results are listed in Table 2 .
The chi-square ( 2 ) of less than 0.01 also indicated a good accuracy of the simulated and actual EIS data [40] . A constant phase element (CPE) is defined as non-ideal capacitor due to the distribution of surface reactivity, the heterogeneous surfaces and roughness, the electrode porosity and geometry. They all may have an influence on distribution of electrochemical current and potential [41] . The n having a value less than one specifies the deviation of CPE from an ideal capacitor, i.e., a lower value of n indicates a more deviated CPE from an ideal capacitor [42] . As listed in Table 2 , the values of n1 and n2 for Ti-6Al-4V were obtained to be closer to one than those for the ODLs. This was due to a lower average surface roughness (Ra) of about 0.14±0.03 m for
Ti-6Al-4V, as compared with Ra of 0.47±0.05 m for both ODLs, revealing a more ideal capacitive behaviour for Ti-6Al-4V. A greater deviation from ideal capacitor (i.e., with a phase angle of -90 degree) for the ODLs was also confirmed by a lower peak angle in the Bode phase spectra.
The relatively low resistance (Rout) of outer layer and significant higher resistance (Rin) of inner layer of the passive film for the samples in Table 2 could indicate a very defective or porous outer layer coupled by a relatively dense inner layer [35, 39] . This also confirmed the existence of two time constants in the circuit model, which resulted from the titanium oxide bilayer. This was in good agreement with the previous results as reported by other investigators [31, 37] . The ODLs with higher Rin values represented a better protective film properties and a higher corrosion resistance. The higher capacitance of the passive film (CPE2) on the ODL samples could be attributed to their higher surface roughness, as compared with Ti-6Al-4V sample [43] . On the other hand, the capacitance of passive film (i.e., CPE2) is reciprocally related to the thickness [44] , therefore, a lower value of CPE2 for Ti-6Al-4V, in Table 2 , could also indicate the formation of a thicker passive layer compared with the ODL samples. It is suggested that although the thinner layers might be formed in the ODL samples, the conductivity was lowered, as indicated by the higher Rin values in Table 2 . This also suggested the formation of a more compact passive layer on the ODL samples compared with Ti-6Al-4V. Figure 8 presents the polarization curves of Ti-6Al-4V and the ODLs during tribocorrosion under different normal loads. The figure shows a passive zone in the anodic branch for all specimens.
Tribocorrosion behaviour
However, the higher current densities of about two to three orders of magnitude over the applied potentials compared with the stagnant condition (Fig. 6 ) indicated a higher electrochemical reaction rates accelerated by wear processing. Figure 8 shows a large fluctuation in anodic current density in the passive zone for Ti-6Al-4V, which was lowered as the normal load was increased.
This could be related to a sequential depassivation/repassivation in Ti-6Al-4V [45] during sliding.
It seems that there was a higher reactivity of Ti-6Al-4V under higher normal loads resulting in a more protective tribolayer, which consequently reduced the fluctuations of the current densities in the anodic branch of the polarization curves. to a better removal of unstable oxides such as TiO and Ti3O4 [34] by wear under the higher normal loads. Therefore, a lower amount of these oxides were oxidized to TiO2 over the passive potential range. As the anodic potential increased, the lower amount of oxidation limited the increase in the anodic current densities in the passive area and consequently resulted in a higher passive slope.
The corrosion potentials (Ecorr) and corrosion current densities (icorr) for both the stagnant and tribocorrosion conditions were determined from the polarization curves by Tafel extrapolation method and are shown in Figs. 9 and 10 , respectively. Figure 9 shows a lower (i.e., a higher negative) corrosion potential during wear under various normal loads, indicating a higher tendency to corrosion as compared with that in the stagnant condition. The local removal of the film formed during tribocorrosion by the mechanical loads during wear could bring the partially bare surface into contact with the solution, leading to a higher susceptibility to corrosion attack. Figure 9 also shows that as the normal load was increased, the corrosion potential was also decreased probably due to a higher deformation obtained under a higher normal load leading to a higher tendency to corrosion. Table 3 shows the ratio of the worn to unworn surface area, which was the ratio of the surface affected by wear to the rest of the sample disk surface under various loads. The ratio was increased by increasing the normal loads, causing a decrease in corrosion potential as shown in Fig. 9 .
The highest decrease in corrosion potential under a specific normal load (Fig. 9 ) occurred in Ti-6Al-4V due to a larger wear surface area (i.e., higher ratio of the worn to unworn surface area) obtained among the samples. The ratio was lower in ODL samples probably due to their higher hardness and limited plastic deformation, which also resulted in a higher corrosion potential in the ODLs. Table 3 shows that only the test under a normal load of 30 N for 6hr-ODL shows a smaller wear surface area (i.e., a lower worn to unworn ratio) compared with the two other samples, however, its corrosion potential was not the highest (Fig. 9 ). This will be discussed later. Figure 10 shows that there were about two to three orders of magnitude increase in the corrosion current density during the tribocorrosion compared with the stagnant condition under various normal loads. Furthermore, the figure shows that, for example, as the load was increased from 3 to 30 N, the corrosion current density of Ti-6Al-4V decreased by about 30%. Table 4 shows the difference between the hardness measured about 500 nm beneath the wear track and the hardness at the same depth from the unworn surface (Fig. 5 ). For example, under a normal load of 30 N, the wear depth of about 28 µm was measured by surface profilometer for 3hr-ODL. Therefore, the difference in hardness of about 600 (5.9 GPa) just beneath the wear track and a hardness of about 520 Hv (5.1 GPa) 28 µm away from the unworn surface from Fig. 5 , resulted in a value of 80 Hv (0.8 GPa) shown in Table 4 . The table shows that the difference in hardness increased as the normal load increased. The increase of hardness during wear might be due to effects of work-hardening and change in physical properties of wear surface by the formation of a tribolayer [46] . During wear, the plastic deformation of Ti-6Al-4V was led to an increase in work hardening and hardness (Table 4 ). In the ODLs, however, the oxygen atoms presented in interstitial site of titanium limited the change in hardness by limiting the plastic deformation and work hardening during wear [47] . A higher difference in hardness and, therefore, a higher work hardening occurred in Ti-6Al-4V as the normal load increased. The higher change in hardness of Ti-6Al-4V wear surface could enable the surface to better support the tribolayer formed by the corrosion and wear phenomena [7] . The formation of a durable tribolayer could result in a reduction in corrosion current density (icorr) of Ti-6Al-4V under a higher normal load shown in Fig. 10 . Table 5 . The table shows higher amount of oxygen than the unworn surfaces (Fig. 4) indicating the formation of tribological oxide layers on the samples under a normal load of 30 N. An excessive plastic deformations was taken place on the Ti-6Al-4V wear track (Fig. 11a) , which caused a remarkable increase of about 380 Hv in the hardness respect to undeformed surface according to Table 4 . The tribological action in 3hr-ODL formed a smooth wear surface, on which a protective tribolayer was formed and resulted in a lower corrosion current density. Figures 11c and d show a different wear mechanism for 6hr-ODL under a normal load of 30 N. The figures reveal fractures on the wear surface, which could lead to a surface with a higher roughness and a larger effective surface area exposed to the corrosive medium during wear.
However, the apparent surface area of wear track, which was smaller than the actual effective surface area was considered in the calculations of the corrosion current density. This could result in a higher corrosion current density in 6hr-ODL under a normal load of 30 N than 3hr-ODL shown in Fig. 10 . Furthermore, the higher actual effective surface area also resulted in a more negative potential [48] shown in Fig. 9 . The nano-hardness measurement of 6hr-ODL shows higher hardness ( Fig. 5 ) and much higher elastic modulus of about 195 GPa than that for 3hr-ODL (i.e., about 165 GPa). This led to a lower E/H value for 6hr-ODL, resulting in a more brittle sliding wear behaviour [49] of 6hr-ODL shown in Figs. 11c and d . The results from Table 4 show that there was a softening or a reduction in hardness following the sliding by about 380 Hv just beneath 6hr-ODL wear surface under a normal load of 30 N as compared with the hardness of the unworn area. It seems that the hardness obtained just beneath the wear surface was measured within the fractured layers caused by sliding, therefore indicating a low hardness at that region.
EDS analysis of the wear surface of the samples under a normal load of 30 N listed in Table 5 shows that the elements of oxygen and phosphorous were presented on the wear surfaces. This could be due to tribo-chemical reactions occurred during tribocorrosion, which probably resulted in a tribolayer in all three samples. There was a high oxygen content of about 70 at% on the wear surface of 3hr-ODL (Fig. 11b ) and region 1 in Fig. 11d corresponding to the wear surface of 6hr-ODL. Although the diffused oxygen in the ODLs could be responsible for the high oxygen content of the ODL wear surfaces, however, this value was much higher than the maximum oxygen of the unworn ODLs (less than 20 at%) shown in Fig. 5 . The higher oxygen could be due to the presence of a tribolayer rich in oxide on the wear surface of 3hr-ODL and 6hr-ODL. On the other hand, EDS analysis of point 2 on the fractured area in Fig. 11d shows a lower oxygen and no phosphorous contents as compared with point 1. The removal of the tribolayer at the fractured region could make the surface more susceptible to corrosion and could lead to a higher corrosion current density under the normal load of 30 N (Fig. 10 ). In addition, the lowest corrosion current densities was obtained in 3hr-ODL under various normal loads in Fig. 10 . This was probably due to the limited plastic deformation (Table 4 ) and the formation of a protective tribolayer during tribocorrosion as occurred under a normal load of 30 N. In 3hr-ODL, there was an increase in icorr by about two times under normal loads of 7.5 and 15 N, as compared with a normal load of 3 N.
It could indicate that the tribolayer was not as protective under the higher loads, resulting in an increase in corrosion current density.
The EIS data of the ODLs under various normal loads were plotted and Nyquist spectra are illustrated in Fig. 12 . It should be reported that an accurate study of electrochemical behaviour of Ti-6Al-4V by EIS was not possible during tribocorrosion. This was due to high depassivation/repassivation of the alloy shown in Fig. 8 , which resulted in a high fluctuation (Fig. 10) and, therefore, a lowest corrosion resistance. (6) During tribocorrosion, it was demonstrated that the decrease in corrosion potentials was directly related to the worn-to-unworn surface ratio. Due to a limited plastic deformation, ODLs had a lower ratio and, therefore, showed a higher corrosion potential as compared with Ti-6Al-4V. 
Conclusions
